The aim of this study was to determine whether the growth and differentiation of limbal epithelial stem cell cultures could be controlled through manipulation of the oxygen tension. Limbal epithelial cells were isolated from corneoscleral disks, and cultured using either feeder cells in a growth medium supplemented with serum (3T3 system) or without feeder cells in a dedicated serum-free medium (EpiLife). During the culture, the cells were maintained either at ambient oxygen tension (20%) or at different levels of hypoxia (15, 10, 5, and 2% oxygen). The effect of oxygen on cell growth, progression through cell cycle, colony forming efficiency (CFE), and expression of stem cell (ABCG2 and p63α) and differentiation (CK3) markers was determined throughout the culture period of up to 18 days. Low oxygen levels favored a stem cell phenotype with a lower proliferative rate, high CFE, and a relatively higher expression of ABCG2 and p63α, while higher levels of oxygen led not only to decreased CFE but also to increased proportion of differentiated cells positive for CK3. Hypoxic cultures may thus potentially improve stem cell grafts for cultured limbal epithelial transplantation (CLET).
Introduction
Recent advances in developmental and stem cell biology have spurred the rapid progression of cell-based therapies that are becoming more efficient and attractive especially in clinical scenarios that were traditionally deemed as intractable. On the forefront of this exciting revolution is the field of ophthalmology, where corneal burns were treated by transplantation of ex vivo expanded limbal epithelial stem cells (LESCs) as early as in 1997 (Pellegrini et al., 1997) . The LESCs are tissue-specific unipotent stem cells that reside in the corneal limbus, and are capable of regenerating the corneal epithelium throughout the lifetime of an individual (Cotsarelis et al., 1989; Davanger and Evensen, 1971; Huang and Tseng, 1991; Lehrer et al., 1998; Mann, 1944; Nagasaki and Zhao, 2003; Shortt et al., 2007; Thoft and Friend, 1983) . From their location in distinctive stem cell niches in the basal limbus (Dua, 2005; Shortt et al., 2007) , the LESCs migrate superficially towards central cornea (Thoft and Friend, 1983) . During this migration, the LESCs are believed to differentiate into transit amplifying cells (TACs) before maturing first into postmitotic cells (PMCs) and finally into terminally differentiated cells (TDCs). Depletion or dysfunction of corneal epithelial stem cells gives rise to the potentially blinding condition termed limbal stem cell deficiency (LSCD).
Since the pioneering work by Pellegrini et al. (1997) , the preferred way to treat patients suffering from LSCD has been by transplantation of ex vivo expanded LESCs, a procedure also known as cultured limbal epithelial transplantation (CLET). This protocol adopts a technique originating from the keratinocyte research Green, 1975a, 1975b) and is based on graft sheets using inactivated 3T3 cells as a supportive feeder layer. Many studies have attempted to optimize different aspects of the culture conditions in order to improve the outcome of the therapeutic intervention. The common denominator of the different paradigms remains the selective enhancement of LESC growth. Recently, systems have been devised that enable expansion of limbal epithelial cells (LECs) without the use of feeder cells, thereby diminishing the risk of xenotoxicity and facilitating the clinical translation (Lekhanont et al., 2009) . It is interesting to note that relatively little effort has been invested into investigating the significance of atmospheric culture conditions, even though LESCs, migrating and differentiating from the niches to the ocular surface, experience steep gradient of oxygen (Kwan et al., 1972) . That the oxygen concentration may have significant influence on the biology of LESCs is furthermore indirectly inferred from in vivo and in vitro observations with several other types of stem cells (Mohyeldin et al., 2010; Toussaint et al., 2011; Zachar et al., 2011) . Hence, it is important to investigate whether the same also holds true for LESCs.
To our knowledge, only two studies have examined the effect of oxygen on in vitro growth and differentiation of LESCs (Miyashita et al., 2007; O'Callaghan et al., 2011) . These reports provided incongruent conclusions regarding maintenance of LESCs in hypoxia, which was probably due to the use of cells from different species and technical issues regarding the control of culture atmosphere. The current investigation is the first attempt to comprehensively compare growth and maintenance of human LESCs in a classic and a serum-free system across a variety of physiological O 2 concentrations. Emphasis was put on the stability of atmospheric conditions so that the cells were grown in hypoxia without the effect of deleterious reoxygenation.
Materials and methods

Donor tissue
Informed consent was obtained from the donors of corneas that were intended for keratoplasty. After the central button was removed, the corneoscleral disks were stored in organ culture medium at the Danish Cornea Bank (Aarhus, Denmark) until processed for LECs. The ethical issues have been handled according to Danish healthcare law, and after guidance from the local ethical committee and national health authorities.
Cell cultures
For each experiment, pooled LECs from 6 to 9 randomly collected corneoscleral disks were used for seeding 25 24-well plates. Two independent experiments were performed for each culture system. The disks were first rinsed with sterile phosphate buffered saline (PBS) supplemented with 100 units/ml penicillin and 100 μg/ml streptomycin (Life Technologies, Naerum, Denmark). After scraping off the endothelial side, the rings were incubated with 2.4 U/ml dispase II (Sigma-Aldrich, St. Louis, MO) in PBS at 37°C for 1 h. The cells were then removed from the epithelial side, briefly pelleted by centrifugation at 250 g for 5 min, incubated with 0.25% trypsin/0.02% EDTA (Life Technologies) at 37°C for 8 min, and finally purified through a 70 μm cell-strainer (BD Biosciences, Brøndby, Denmark). The resulting cell-suspension was used to initiate LEC cultures using two distinct systems, the 3T3 system where cells were grown on a feeder layer and the EpiLife feeder-free system. For the 3T3 system, feeder monolayers were initiated by seeding γ-irradiated (35 Gy) NIH/3T3 (ATCC, CRL-1658) cells at a concentration of 4 × 10 4 cells/cm 2 in 24-well Corning CellBind plates (Corning, Schiphol-Rijk, The Netherlands). The LECs were seeded on top of the feeder layer at a concentration of 500 cells/well in DMEM/F12 (2:1) supplemented with 4 mM glutamine, 10% fetal calf serum, 0.4 μg/ml hydrocortisone, 0.1 nM choleratoxin, 5 μg/ml insulin, 0.18 mM adenine, 2 nM triiodothyronine, 5 μg/ml transferrin, 10 ng/ml EGF, 50 units/ml penicillin, and 50 μg/ml streptomycin (all from Sigma-Aldrich). For the EpiLife, the LECs were seeded directly into the CellBind plates at a concentration of 2500 cells/well in EpiLife basal medium with Human Corneal Growth Supplement (Life Technologies). The medium was changed every other day in either of the growth systems. The 24-well plates from individual oxygen concentrations were fixed simultaneously at days 6, 9, 12, 15, and 18 for all subsequent analyses.
Hypoxic exposure
A hypoxic cell culture facility (Xvivo System; BioSpherix, Redfield, NY) was used for continuous expansion of LECs. The BioSpherix system maintains stable levels of O 2 , CO 2 , and temperature using sensor-controlled feedback mechanisms. This system enabled the performance of all handling steps without exposing the cultures to the normal ambient air, and care was taken that the media were pre-equilibrated in each particular atmosphere for at least 2 h before use. Four different hypoxic conditions, corresponding to 2%, 5%, 10%, and 15% O 2 , were used simultaneously in each experimental setup. Prior to hypoxic exposure, the cultures were maintained in normoxic CO 2 incubator until the appearance of first mitoses. Cultures at 20% oxygen were grown in standard CO 2 incubator. All conditions used 5% CO 2 .
Colony forming efficiency
The colony forming efficiency (CFE) was determined only for the 3T3 system, as the EpiLife system did not support formation of distinct clonal types. The setup of the cultures is described in detail above, in the section "Cell cultures". For each batch of freshly isolated cells, parallel cultures were set up and cultured in 2%, 5%, 10%, 15%, and 20% O 2 respectively. At days 6, 9, 12, 15, and 18, a set of plates from each oxygen tension was fixed simultaneously with 4% buffered formaldehyde (Bie & Berntsen, Herlev, Denmark) at room temperature for 30 min. At the completion of each experiment, it was determined which set of plates to score for CFE. The time point at which the optimal cell density was observed varied between 9 and 12 days. Within each experiment, the parallel cultures grown in the different oxygen concentrations were scored at the same time-point.
The cell nuclei were stained with 50 μg/ml Hoechst 33342 (Life Technologies), and mosaic images of 10 × 14 full-resolution images covering the whole wells were captured using the Axio Observer.Z1 automated epi-fluorescence microscope. Colonies were identified based on nuclear staining as aggregates of at least 16 cells (Talbot et al., 2004) , and CFE was calculated according to the following equation:
CFE % ð Þ number of colonies=well number of seeded cells=well Â 100:
Immunofluorescence assay
Indirect immunofluorescence was used to investigate expression of two presumed LESC markers, ABCG2 (ATP-binding cassette sub-family G member 2) and p63α (alpha isoform of tumor protein 63), along with the differentiation marker CK3 (keratin, type II cytoskeletal 3). The cultures were double stained for p63α and ABCG2 or p63α and CK3, and the nuclei were counterstained with Hoechst 33342. Prior to staining, the cultures were fixed with 4% buffered formaldehyde at room temperature for 30 min, and then permeabilized with ice-cold 100% methanol at − 16°C for 10 min for p63α/CK3 or with 0.2% Triton X-100 (Sigma-Aldrich) and 2% bovine serum albumin (BSA) (Europe Bioproducts, Cambridge, UK) in PBS at room temperature for 10 min for p63α/ABCG2. Before the antibodies were applied, blocking was done with 5% normal goat serum and 0.3% Triton X-100 in PBS at room temperature for 1 h. The cells were incubated at 4°C overnight with primary antibodies that included 1:100 (50 μg/ml) rabbit anti-p63α (#4892; Cell Signaling, Danvers, MA), 1:400 (1 mg/ml) mouse monoclonal anti-BRCP1 (ABCG2) (#MAB4155; Millipore, Billirica, MA), and 1:400 (1 mg/ml) mouse monoclonal anti-keratin K3/K76 (#CBL218; Millipore) in PBS containing 0.3% Triton X-100 and 1% BSA (PBS-TB). After washing with PBS supplemented with 0.05% Tween-20 (Thermo Fisher Scientific, Geel, Belgium), the secondary antibodies consisting of 1:200 (2 mg/ml) Alexa Fluor 488 goat-anti-rabbit IgG (#A11008, Life Technologies) and Alexa Fluor 555 goat anti-mouse IgG (#A21422, Life Technologies) were added in PBS-TB containing Hoechst 33342 for incubation at 37°C for 1 h. As negative controls, isotype matched primary antibodies were used.
Analysis of cell growth and cycle
The cultures that were intended for immunofluorescence analysis were also assayed with respect to growth and cell cycle, through analysis of the nuclear staining by Hoechst 33342. The total area (1.9 cm 2 ) of every single culture was captured as a mosaic image consisting of 10 × 14 full resolution camera fields in a single fluorescence channel using a 5×/0.16 EC Plan-NEOFLUAR objective and Axio Observer.Z1 automated epi-fluorescence system equipped with an AxioCam MRm camera (both from Carl Zeiss, Göttingen, Germany). To determine the growth, colony areas were measured in the 3T3 system and individual cells were identified in EpiLife using AxioVision (Zeiss) and CellProfiler (Carpenter et al., 2006) software packages, respectively.
A dedicated module, the CellProfiler Analyst (Jones et al., 2008) , was used to create a histogram of integrated nuclear intensities what provided basis for discrimination between the peaks corresponding to G 1 and S/G 2 phases. In the 3T3 system, however, the interfering fluorescence from feeder cells had to be filtered away, and this was accomplished by invoking the CellProfiler Analyst's facility for iterative supervised machine learning (Jones et al., 2009 ).
Cytomorphometric analysis
To perform a comprehensive quantitative analysis, including total marker intensity, cell-associated marker intensity, marker-associated cell area, and colocalization, the mosaic images were produced as described in the section on the analysis of cell growth and cycle, except that the acquisition was extended by two additional fluorescence channels. Quantification of ABCG2 and CK3 in the 3T3 system was performed directly on mosaic images by outlining the areas of positivity using AxioVision, and in EpiLife by processing individual mosaic fields in Macnification software (Orbicule, Leuven, Belgium) for semi-automatic region of interest (ROI) detection based on luminance. The ROIs then served as a basis for determination of cell sizes and associated staining intensities. The number of cells expressing p63α was assessed using CellProfiler in both systems as the nuclear localization allowed for precise cellular segmentation. An identical optimized pipeline for segmentation was used for all cultures.
The colocalization studies in the 3T3 system were performed using the FIJI software package (Schindelin et al., 2012) . The ROI manager was used to overlay the ABCG2 + or CK3 + regions with corresponding areas in the p63α channel. After trimming the external part of ROIs, the number of p63α + cells coexpressing ABCG2 or CK3 could be obtained by segmentation in CellProfiler, employing same pipeline as the one for quantification of p63α + cells. For colocalization in EpiLife, the Colocalizer Pro software (Colocalization Research Software, http://www.colocalizer.com) was used to determine the ratio of pixels coexpressing both p63α and either ABCG2 or CK3 to all p63α positive pixels in the image scatter diagram.
Statistics
The Student's t-test was used for pairwise analysis whenever the populations complied with requirements for normal distribution; otherwise non-parametric Mann-Whitney statistics was employed. Linear regression was used to estimate correlation between oxygen levels and cell growth. The data were gathered from two-independent experiments, with sample sizes (n) indicated at the figures, and they are presented as means + SDs, means + SEMs, or medians+/− interquartile range (IQR), depending on population distribution. The calculations were done using GraphPad Prism software (GraphPad Software, San Diego, CA).
Results
Effect of hypoxia on the growth pattern and characteristics of LECs
The growth of LECs in serum conditions was dependent on the 3T3 feeder monolayer, and the cells formed here characteristic clonal types, including holo-, mero-, and paraclones. A typical holoclone is presented in Fig. 1A . Conversely, in the serum-free EpiLife system, the LECs were maintained without the feeders, and they grew as homogenous monolayers of single-cells ( Fig. 1A) . Both systems were able to support the growth to confluence with cells displaying typical polygonal epithelial morphology.
The two systems were further assayed for their capacity to support the growth of LECs at four different levels of hypoxia, including 2%, 5%, 10%, and 15% oxygen. The LECs were derived from a pool of 6-9 corneoscleral disks, and the proliferation was evaluated after the first appearance of colonies (N 16 cells) in three-day intervals. As shown in Fig. 1B , at day 12 in the 3T3 system and day 15 in EpiLife, the hypoxic environment appears to inhibit significantly growth rate, irrespective of the growth system. It is interesting that the condition with 15% oxygen seems to suppress proliferation more than would be expected from the trend taking into account all gaseous conditions. Furthermore, only in the 3T3 system, the level of hypoxia could be correlated with the inhibition of growth (r 2 = 0.9803, p = 0.0099).
Additional information about the effect of hypoxia on LEC proliferation was obtained from the analysis of cell cycle. The bivariate plots in Fig. 1C indicate inhibition of transition into S/G 2 phase at 2% oxygen in the latter part of the culture interval (day 9 in the 3T3 system and day 12 in EpiLife). Despite a similar trend was obvious in both growth systems, the observed effect could be confirmed with statistical significance only with the 3T3 system. In the early cultures, however, the proportion of S/G 2 cells reached universally 40%. These findings appear in line with the proliferation data and underscore the inhibitory role of low levels of hypoxia on the growth of LECs.
Since the hallmark of the 3T3 system is that it supports clonal expansion in the form of colonies, which ultimately reflects on the stem cell status of the cultures, it was of interest to examine whether oxygen has influence on the clonogenic potential of LECs. The colony forming efficiency was scored across normoxic and hypoxic growth conditions, and the results demonstrate that 2% oxygen is significantly Area (pixel 2 ) 3T3 system 3T3 system EpiLife EpiLife * * * * 10 -1 10 0 10 -1 10 0 10 -1 10 0 10 -1 10 0 more effective than the other concentrations ( Fig. 1D ). There appeared to be a lower colony forming efficiency at 15% oxygen, however, this observation was not statistically significant.
Role of oxygen in the maintenance of stemnessassociated markers
In order to evaluate the effect of hypoxia on the stem cell differentiation, the LECs were subjected to continuous culture in different O 2 concentrations and analyzed for expression of stem cell markers ABCG2 and p63α and differentiation marker CK3. Representative images from all growth conditions, after 12 days of expansion in 3T3 system and 15 days in EpiLife, are shown in Fig. 2 . By and large, both the 3T3 and the EpiLife systems supported similar oxygen-dependent profiles for the analyzed markers. In particular, ABCG2 and p63α exhibited tendency to overexpression at the lower end of oxygen concentrations, whereas CK3 expression was associated with higher levels of oxygen. The quantitative image analysis further confirmed the initial conclusion about the hypoxia-dependent trends (Fig. 3) . From the two stemness-associated markers, the ABCG2 expression appears most dependent on the low level of hypoxia, while the regulation of p63α seems modulated already by mildly lowered oxygen. On the other hand, the regulation of CK3 seems to have a bimodal pattern. As a result, the occurrence of differentiated phenotype is inhibited in not only highly hypoxic but also ambient air atmosphere. Since the investigated markers are not presented by LECs in a mutually exclusive pattern but rather give rise to mixed phenotypes, it was of interest to investigate their co-expression. Thus we carried out a quantitative colocalization analysis based on the images obtained from both growth systems and across all hypoxic scenarios using p63α as a common denominator. It was interesting to find that the 3T3 system was efficient at low oxygen concentrations in maintaining the LESC phenotype ABCG2 + /p63α + , and conversely inhibiting the differentiating phenotype CK3 + /p63α + (Fig. 4A ). For the EpiLife growth conditions, all levels of hypoxia appeared to inhibit the stem cell phenotype compared to 20% oxygen, however, the stem cell phenotype was only moderately inhibited at 2% oxygen. Also, the frequency of differentiated cells was lesser for all levels of hypoxia (Fig. 4B) . In order to determine the effect of culture conditions on the overall balance between undifferentiated and differentiated phenotype, the ratio of ABCG2 + p63α to CK3 + p63α cells was established (Fig. 4C ). From this analysis it appears, that it is the low oxygen tension that supports the maintenance of stemness-associated profile best.
Hypoxia and cytomorphometric properties of LECs
Due to the distinctive growth pattern in colonies in the 3T3 system, which precludes identification of individual cells, the cell-related characteristics could only be quantified for the EpiLife system. Nevertheless, it was obvious from microscopic analysis of the colonies that the CK3 expressing cells were substantially larger than those with positivity for ABCG2 in all O 2 concentrations (Fig. 5A) . Specifically, the ABCG2 positive cells surpassed the cells expressing CK3 by nearly five-fold in term of size. This was based on approximation of CK3 phenotype to 60 μm in diameter vs. 15 to 20 μm in the case of cells staining for ABCG2. Similar data that were enabled by a highly accurate image-based analysis were also obtained for the EpiLife system ( Fig. 5B ). Further processing of EpiLife-related data was aimed at revealing relationships between different oxygen conditions and both the cell size and the specific expression levels of the studied markers. Both the ABCG2-and CK3-positive cells were observed in advanced cultures (days 12-15) to be larger in size in all hypoxic O 2 concentrations compared to 20% O 2 , which seemed related to higher confluence in normoxia. ABCG2 + cells expanded in 2% O 2 were significantly smaller (mean, 679 μm 2 ) than their counterparts in 15% O 2 (mean, 941 μm 2 ). In contrast, there were no significant differences between CK3 + cell sizes in 2% O 2 (1520 μm 2 ) and 15% O 2 (1659 μm 2 ). As for the expression levels, hypoxic exposure was highly efficient in inducing ABCG2 and conversely suppressing CK3, but there was no effect on the intensity of p63α.
Discussion
The main goal of current investigation was to study the role of oxygen in the maintenance of LESC phenotype under conditions of biochemically undefined and a serum-free highly defined growth environment. The oxygen concentrations used in the present study were chosen to mimic the natural oxygen gradient Oxygen concentration (%) from the superficial epithelial layer composed of PMCs and TDCs to the niche harboring LESCs. In vivo measurements with oxygen sensing electrodes, penetrating the central cornea in rabbits breathing normal air (Kwan et al., 1972) , showed below the tear film an oxygen concentration of 16-17%, decreasing further at the epithelio-stromal junction to 8-9%. As the limbal epithelium has more layers than the central corneal epithelium (Feng and Simpson, 2008) , and as human epithelium is thicker than rabbit epithelium (Reiser et al., 2005) , the theoretical pericellular oxygen concentration at the human limbal basement membrane could easily reach around 2-5%. Finally, the closure of eye lid during sleep could shift the gradient to more hypoxic levels (Shimmura et al., 1998) . The limbal capillary system should not change the hypoxic nature of the niche as the oxygen concentration in most peripheral capillaries is in the range of 0.5-2.6% (Brahimi-Horn and Pouysségur, 2007) . There are obviously great biological implications of such gradient, as ample evidence has been accumulated to suggest a key role for hypoxia in maintaining different types of stem cells (reviewed in Mohyeldin et al., 2010; Toussaint et al., 2011; Zachar et al., 2011) . Although attempts have previously been done to evaluate the role of hypoxia in the control of LESCs (Miyashita et al., 2007; O'Callaghan et al., 2011) , the current study represents a progress in that it uses a hypoxic workstation that provides for a stable gaseous containment. The potentially damaging effect of re-oxygenation (Shimmura et al., 1998) has thus been eliminated. The panel of markers in the current study was selected to identify both the stem cell and the differentiated phenotypes. The stem cell marker ABCG2 is a membrane transporter expressed by a "side" population of cells excluding Hoechst 33342. ABCG2 (M. Kim et al., 2002) has been found in limbus (de Paiva et al., 2005; Watanabe et al., 2004) and it is postulated to confer a cell survival advantage to cells growing in hypoxic conditions by a hypoxia-inducible factor-1 (HIF-1) dependent pathway (Krishnamurthy and Schuetz, 2005; Krishnamurthy et al., 2004) . The p63α has also been proposed to be a marker of LESCs, as it has been linked to holoclones in the 3T3 system (Pellegrini, 2001) . It has also been shown that a high rate of bright p63α + cells in holoclones increases successrates of transplantation (Rama et al., 2010) . The cytokeratin CK3 stains the corneal cells except for the basal cell layer in limbus, and is thus accepted as a differentiation marker (Pitz and Moll, 2002; Schermer, 1986) .
Our data seem to raise a question about the significance of p63α as a marker to identify LESCs. Previous research suggested a role for this marker in feeder-based cultures (Di Iorio, 2005) , and indeed our own data demonstrate high expression of p63α, along with ABCG2, in hypoxia. In the EpiLife system, on the other hand, the major regulatory effect on p63α was probably exerted by the proliferative status of cultures, as this marker seemed downregulated with increasing confluence, irrespective of the level of hypoxia. Furthermore, the proportion of P63α expressing cells in EpiLife was too high to be considered stem-cell specific, ranging from 46% in 20% oxygen to an almost complete expression in 15% oxygen. Also, cell types could be found in both culture systems to co-express p63α and CK3. Taking into account previous data corroborating our observation about the effect of cell density on the expression of p63α in EpiLife (Salehi-Had et al., 2005) , our findings indicate that ABCG2 might be a more relevant marker to identify the LESC phenotype. More work will be needed to obtain full understanding of the subpopulations of cultured corneal epithelial cells that are positive for p63α, and whether there are differences between the p63α + phenotypes across the culture systems.
Our results also appear to be in line with earlier observations that ABCG2 expressing cells are overall smaller than cells positive for CK3 (de Paiva et al., 2006; Kim et al., 2004) . As to the effect of oxygen, it is interesting to note that both the ABCG2 + and CK3 + were in general larger in sub-ambient oxygen concentrations, and that ABCG2 + was largest at 15% oxygen. This leaves an intriguing question whether ambient air concentration renders ABCG2 phenotype hitherto unknown properties that are distinct from the physiological state. Future studies will be necessary to resolve in detail the differences between the profiles of ABCG2 + cells having experienced either hypoxic or normoxic environment.
An important outcome of our investigation is that low oxygen levels maintain the LESC phenotype. The cells expanded in 2% and 5% oxygen exhibited inhibition of cell cycle and rather slow growth, high clonogenicity, high expression of ABCG2, low expression of CK3, and high co-expression of ABCG2 and p63α. It is notable that with increasing oxygen concentration, the cultures changed in a way resembling limbus compartments beyond the basal region. Increasing the oxygen concentration to 10% resulted in faster growth, lower clonogenicity, decrease of ABCG2, and increase of CK3 expression. These are characteristics of TACs. Finally, in 15% oxygen, the cultures were marked by a slow growth and low clonogenicity, and there was minimal presence of ABCG2 on the backdrop of a very high CK3 expression. This phenotype resembles TDCs and PMCs that can be found at and close to the ocular surface. By controlling the culture atmosphere, we were thus able to reproduce the phenotypes as they occur along the limbal differentiation path (Fig. 6 ). This finding indicates that oxygen is a major regulatory factor that is involved in the maintenance of homeostasis in the limbal niche. It is noteworthy, that the rate of terminal differentiation peaked at 15% oxygen. In some other stem cells systems, it has also been found that terminal differentiation peaks at moderately reduced oxygen conditions (Chen et al., 2006; Pilgaard et al., 2009) . However whether or not moderate hypoxia promotes or inhibits differentiation appear to be cell type-and lineage-specific. Interestingly, the correlation between oxygen tension and rate of differentiation was only apparent for the lower oxygen tensions. Culturing the cells at the even higher oxygen concentration of 20% led to cellular responses, which did not fit the observed trends for the moderate and low levels of oxygen concentrations. We do not have a definite explanation for this phenomenon. However, as culturing primary cells at higher-than-physiological oxygen tensions, has been shown to affect the cell characteristics of lymphocytes (Atkuri et al., 2007) , neurons (Tiede et al., 2011) , and fibroblasts (Tamm et al., 1998) , it is quite likely that the hyperoxic conditions of 20% oxygen compared to the physiological lower conditions from which the cells were isolated, affected their growth and differentiation characteristics.
In this paper we demonstrate that when culturing LECs on a feeder layer, exposure to hypoxia enhances the colony forming efficiency. We know that colonies are only formed, if feeder cells are both viable, metabolically active, and in physical contact with LECs. Moreover, the inactivated feeder cells support serial subculture, allow colony formation of epithelial cells, inhibit growth of contaminating fibroblasts, and maintain human telomerase reverse transcriptase expression and Sp1/ Sp3 activity, and are thus thought to function as a surrogate niche with an unknown molecular function (Miyashita et al., 2008) . As cellular metabolic activity requires oxygen, and as all cells in the culture vessel are exposed to the same gaseous environment, it is highly plausible that both LECs and supporting feeder cells are influenced by the reduced oxygen availability. However, it is impossible to discern if the increased colony forming efficiency of the LECs in hypoxia is mainly due to an effect on LECs or mainly on the supporting feeder cells. Nonetheless, the data obtained from the feeder-free EpiLife system, indicate a strong direct effect of hypoxia on the limbal epithelial cells.
It is now well established that hypoxia between 1% and 5% oxygen facilitates induction and maintenance of immature cellular phenotypes ranging from mesenchymal stem cells to satellite cells and embryonic stem cells (Prasad et al., 2009; Yang et al., 2012) , and it appears that this effect is mainly mediated by the conserved master regulators of hypoxic signaling, the family of HIFs (Benizri et al., 2008; Semenza, 1999; Wang et al., 1995) , that are stabilized below 5% O 2 (Jiang et al., 1996; Wang et al., 1995) . The downstream effectors may involve different pathways, such as Notch and Oct4, that are also known to play a critical role in embryonic development and differentiation (Covello et al., 2006; Gustafsson et al., 2005) . In this paper we demonstrate, that hypoxic propagation of also LESCs may be beneficial for generation of large numbers of undifferentiated cells. A fascinating aspect of the corneal limbus is the spatial relation between LESC compartment and the adjacent microvasculature (Molvaer et al., 2012; Shortt et al., 2007) . As the HIFs have been shown to be activated also by NO (Ho et al., 2012) , there could be a synergistic interaction between the hypoxic niche associated with limbus and the eNOS-based release of NO. Future work will undoubtedly shed more light on the molecular mechanisms underpinning stem cell phenotype in hypoxia, and it is likely that limbus becomes a cornerstone of this effort since it is easily accessible and the niche structures have been well defined (Dua, 2005; Shortt et al., 2007) . Taken together, our findings underscore the importance of oxygen environment in maintaining distinct phenotypes not only with regard to the corneal limbus but other niches at large. Gaseous conditions should therefore be considered when interpreting research data, but also when developing cell-based strategies that rely on specific cellular functions. From a clinical viewpoint, it is likely that preparation of graft sheets under hypoxic conditions may enhance success rate of CLET. Figure 6 The effect of differential hypoxic exposure on immunophenotypic profile of LESC cultures and comparison with corneal differentiation pathway found in situ in the limbal niche. LECs are exposed to a gradient of oxygen tensions in vivo that ranges from 2% in basal limbal crypts to approximately 15% below the tear film. The in vitro culture at 20% represents a condition of hyperoxia. PMCs/TDCs, postmitotic/terminally differentiated cells; TACs, transit amplifying cells; LESCs, limbal epithelial stem cells; CFE, colony forming efficiency.
